



学校编码：10384                                     分类号      密级        




  博 士  学  位  论  文 
                                           
金属硒化物催化剂的组成结构及氧还原反应
活性 
Metal Selenides: Structures, Compositions and Activities 




指导教师姓名： 程璇  教授  
专  业 名 称： 材料物理与化学 
论文提交日期： 2 0 1 4 年 8 月 
论文答辩时间： 2 0 1 4 年 9 月 
学位授予日期：    
  
答辩委员会主席：           
评    阅    人：           






































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的资助，


















































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，于   
年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 






































以乙酸钴和二氧化硒（SeO2）为先驱体，硒/钴比值（Se/Co）为 2.0 到 4.0 合成
了系列 CoSe2/C 催化剂。结果表明，当 Se/Co2.0 时，形成了以正交结构二硒化钴
（CoSe2）为主，同时还存在少量立方结构 CoSe2 的 CoSe1.8/CCoSe2.7/C，晶粒尺寸
15.912.4 nm，氧还原电位 0.60.7 V，电子转移数 3.14.0。当 Se/Co2.5 时得到富硒
的 CoSe>2.0/C，过量的硒主要以 SeO2 存在于 CoSe2/C 表面，并显著调控催化剂粒径。
适度过量的 SeO2 有利于防止 CoSe2 纳米晶粒的生长和团聚，且通过表面氧化保护
CoSe2 纳米晶粒，同时提高了酸性介质的氧还原反应活性和稳定性。但 SeO2 过量太
多时，导致 CoSe2 纳米晶粒团聚严重，氧还原反应活性降低。当 Se/Co=3.0 时制备
CoSe2/C 的氧还原电位达 0.705 V，电子转移数为 4.0，氧还原反应活性最好。 
将微波法制备的 CoSe2/C 与钌离子（Ru
3+）进行替换还原成金属钌（Ru），得到
了 Ru 纳米粒子分散在以 CoSe2 纳米晶粒为核的团簇状 Ru@CoSe2/C。由于 Ru 的表面
利用率增加，以及 Ru 和 CoSe2 之间的相互作用，其半波电位达 0.705 V，电子转移数
为 4.0，比 CoSe2/C 的氧还原反应活性高。热处理温度超过 300 ºC 时，Ru 原子扩散到
CoSe2 的晶格中，形成立方结构的（Ru, Co）Se2/C。400 ºC 热处理得到 Ru@CoSe2/C
的活性有所提高，半波电位 0.57 V，电子转移数 4.0。 
采用化学气相沉积法，在 800 ºC 制备的氮掺杂碳纳米管（NCNTs）的氮掺杂浓
度和吡啶态氮的含量最高，在碱性介质中氧还原反应活性最好，而 900 ºC 接近铁的
晶相转变温度，氮原子很难掺入碳纳米管中。由此制备的 Ru85Se15/NCNTs-900 在酸
































The use of expensive platinum based catalysts has become the major barrier for 
commercialization of proton exchange membrane (PEM) fuel cells, while the sluggish 
kinetics of oxygen reduction reaction (ORR) at cathode side has significantly limited fuel 
cell performance. Metal selenides are considered as potential alternatives to platinum based 
cathode catalysts applied in PEM fuel cells because of their low cost, good catalytic activity 
toward ORR, and in particular, high tolerance to small organic molecules. In this work，three 
types of metal selenides catalysts supported either by commercial carbon blacks or 
nitrogen doped carbon nanotubes (NCNTs), namely, carbon supported cobalt selenides 
(CoSe2/C), carbon supported ruthenium at cobalt selenides ternary catalyst (Ru@CoSe2) 
and NCNTs supported ruthenium selenides (Ru85Se15/NCNTs) were prepared by a simple 
microwave method, galvanic reduction, and heat treatment. Accordingly, their structures, 
compositions and ORR activities were systematically investigated. 
A series of CoSe2/C catalysts were prepared by using cobalt acetate (C4H6CoO4) and 
selenium dioxide (SeO2) as precursors with different molar ratios of Se/Co. It was found 
that the experimental compositions of CoSe1.8/CCoSe2.7/C were obtained with Se/Co2.0 
and major phases were identified to be orthorhombic CoSe2 with minor cubic CoSe2. The 
crystallite sizes ranged 15.912.4 nm with Se/Co=2.0 to Se/Co=4.0. The values of 
potential toward ORR (EORR) were 0.60.7 V, while those of electron transfer numbers (n) 
3.14.0. The formation of Se-rich CoSe2/C was confirmed with Se/Co2.5. The excessive 
















sizes. Slightly excess amount of SeO2 presented in CoSe2/C would prevent CoSe2 
nanoparticles from growing and smaller sizes with less agglomerated Se-rich CoSe2/C 
were obtained, resulting in good ORR activity. The preferential oxidation of surface SeO2 
also prevented CoSe2 nanoparticles from dissolution, and good stability was observed in an 
acidic medium. However, too much SeO2 would cause severe aggregation of CoSe2 
nanoparticles, leading to poor ORR activity. The best ORR activities with EORR=0.705 V 
and n=4.0 could be achieved with Se/Co=3.0.  
Based on the microwave preparation of CoSe2/C, the Ru@CoSe2/C nanoclusters were 
synthesized through galvanic deposition of Ru
3+
 on CoSe2. It was found that the 
introduction of a small amount of Ru into CoSe2 resulted in core-satellite structure in 
which the disordered Ru nanoparticles were adsorbed on CoSe2 nanocrystallites. 
Compared with CoSe2/C and Ru85Se15/C, the Ru@CoSe2/C exhibited higher catalytic 
activity towards ORR with the half wave potential of 0.50 V due to the enhanced Ru 
utilization through the interaction between Ru and CoSe2. The cubic phase of (Ru, 
Co)Se2/C was formed by diffusion of Ru atom into CoSe2 lattice when heat treated at 300 
ºC. The half wave potential of 0.57 V was obtained when heat treated at 400 ºC. 
The N-CNTs prepared at 800 ºC exhibited the best ORR activity in an alkaline 
medium due to the largest amount of nitrogen being doped into nanotubes mainly in the 
form of pyridinic type nitrogen. The poorer ORR activity obtained with the NCNTs 
prepared at 900 ºC (NCNTs-900) could be related to the fact that this reaction temperature 
is so close to the crystal transformation temperature of iron, when ferrocene was used as a 
















activity of NCNTs-900 supported Ru85Se15 in an acidic medium was better than citric acid 
treated carbon nanotubes supported Ru85Se15 catalyst. 
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